Figure 1. Spatial and Temporal Expression of Genes Encoding Netrins and Their Receptors during Lung Branching Morphogenesis (A)-(F), (H)-(J)
by using two different affinity-purfied antisera. Since are seen ( Figure S3A and see reference [7] ). Strikingly, when 10-50 g/ml recombinant mouse or human Netrin-4 both gave similar results, only one is shown in Figure  2 . Netrin-4 is deposited in the basement membrane of is added to the Matrigel with the lower concentrations of FGF7, all the samples examined at 48 hr have a smooth the proximal endoderm and stalk regions, where it colocalizes with perlecan but is absent from around the distal surface with no secondary buds ( Figure 3B ). Significantly, the same effect is achieved by using a truncated tips of the buds. Together with the in situ hybridization results, these data suggest that Netrin-4 is produced by form of Netrin-4 lacking the C domain (N4delC, Figure  3C ). This domain may mediate dimerization of Netrin-4 the endoderm and is incorporated into the subjacent basal lamina. There is no evidence for localization of
[9]; in Netrin-1, the C domain appears to mediate binding to matrix and integrins [13] . A similar suppression of the protein in the surrounding mesenchyme.
To study the response of lung epithelium to Netrins, budding is seen with recombinant chicken and mouse Netrin-1 ( Figure 3D ). However, a higher concentration we used an in vitro culture system in which mesenchyme-free distal epithelium is cultured in Matrigel in (50 g/ml) is needed to achieve this inhibition compared with Netrin-4. The effect of added Netrin is better underserum-free medium with FGF7 [6, 7, 15]. Within several hours of being placed in culture, the epithelium forms stood when followed by time-lapse microscopy. In control samples, secondary buds first appear on the surface a vesicle with the apical cell surfaces facing the inner lumen (Figures 3 and S2A 3E and 3F ). Immunohistochemical sis of the internalized cells by confocal microscopy shows that most of them retain their epithelial phenotype assays using antibody to phosphorylated Histone H3 to monitor cell proliferation and antibody to cleaved and express the junctional protein ZO-1 on the surface facing the lumen (see Figure S2 ).
Caspase-3 to stain apoptotic cells both failed to show any significant differences between control and NetrinPrevious studies in 3D (Matrigel) culture have shown that the response of lung endoderm to 30-1000 ng/ml treated samples ( Figures 4A-4C and data not shown). The conclusion that Netrin is not functioning in this sys-FGF10 is different from that to FGF7; fewer buds are formed and they are thinner and longer (on average tem as a mitogen or survival factor is further strengthened by the following observation. Endoderm in 3D Maabout 100 m long after 48 hr [15] . As shown in Figures  S3C and S3D (Figures 3S-3V) . Second, the effect of Netrin changed by exogenous Netrins, even when the budding wedge shaped, with their nuclei located basally ( Figure  5F ). By contrast, phosphoAkt, another downstream target of FGF, does not appear to be differentially distrib-4J). Immunohistochemistry reveals that these cells contain significantly higher levels of phosphoERK1/2 than uted between bud and interbud zones (data not shown). The localization of higher phosphoERK1/2 activity in the cells in the interbud zones relative to total ERK1/2 proteins, which are evenly distributed (Figures 5A, 5D, and tips of the buds is particularly clear in samples grown in (Figures 5J-5O) . Interestingly, analysis of endoderm samples cultured in Matrigel with high concentrations of FGF7 (1 g/ml) show a uniform distribution of strong phosphoERK staining throughout the epithelium, even though buds do not form (see Figures S3A, S3E, and  S3F) . This raises the possibility that a differential distribution of phosphoERK protein between cells in the tips and stalks is required for bud morphogenesis and outgrowth.
Two indirect lines of evidence support a role for FGF/ MAP kinase pathway activity in lung epithelial budding morphogenesis. First, transfection of a bronchial epithelial cell line in vitro with a plasmid encoding activated Ras promotes a significant change in cell shape so that cells are more spread and have prominent lamellipodia (Figures S6A and S6B) . Second, the inhibitor U0126, which blocks MEK1 (MAP kinase kinase) activity, inhibits budding in response to FGF7 (Figures S6C and S6D) .
Confocal microscopy of endoderm samples cultured in Matrigel with both Netrin and 30 ng/ml FGF7 shows that nearly all the cells have centrally located nuclei, and localized peaks of very strong MAP kinase activity are absent. Rather, the level of phosphoERK1/2 is relatively uniform throughout the epithelium (Figures 5B, 5C , and 5E). Moreover, internal cells lack phosphoERK1/2 staining. Western blotting of extracts of treated and control endoderm samples confirms the overall lower level Ϫ/Ϫ lungs, 4 and 5 samples Immunoblotting was performed by using endoderm samples grown with 300 ng/ml FGF7 in control Matrigel and Matrigel mixed were examined at E11.5 and E12.5, respectively. For Dcc Ϫ/Ϫ lungs, 4 and 6 examples were examined at E12.5 and E13.5, respectively. with 50 g/ml rNetrin-4. Protein extracts of 30 endoderm samples were loaded on each lane and antibodies to total ERK (Sigma) and PhosphoERK (Cell signaling) were used at 1:10,000 and 1:500, reIn Situ Hybridization spectively. This experiment was repeated three times. Whole-mount in situ hybridization was performed by using digoxyStaining for ␤-galactosidase activity was performed as degenin-labeled antisense RNA probes as described [15] . The probes scribed [15] . for netrin 1, netrin 3, Unc5a, Unc5b, Unc5d, and neogenin have been described [20] [21] [22] [23] [24] . The netrin 4 [25] and Unc5c [24] probes Transfection of Bronchial Epithelial Cells were kindly provided by Dr. Joshua R. Sanes and Dr. Susan Ackerwith Activated Ras man, respectively. At least three samples were examined for each
The human bronchial epithelial cell line 16HBE14o-was cultured probe.
as described [29] . 
